Abstract. Naringin, a flavonoid, is the effective pharmaceutical ingredient of drynaria, with the effects of healing fractures, strengthening bones and promoting kidney function. The aim of the present study was to investigate the potential effect of naringin on steroid-induced avascular necrosis of the femoral head (SANFH). Treatment with naringin markedly protected against the steroid-induced decrease in serum osteocalcin levels, and the rate of osteonecrosis in a model of SANFH. In addition, naringin decreased the total cholesterol and low density lipoprotein/high density lipoprotein ratio in the SANFH rabbit. It was observed that naringin markedly inhibited caspase-3 activity, increased runt-related transcription factor 2 and transcription factor sp7 mRNA expression, promoted alkaline phosphatase activity and upregulated collagen I, peroxisome proliferator-activated receptor (PPAR) γ2, neurogenic locus notch homolog protein (Notch), β-catenin and phosphorylated-Rac-α serine/threonine protein kinase protein expression in the SANFH rabbit. The results of the present study demonstrated that naringin protects against SANFH through upregulation of PPARγ2 and activation of the Notch signaling pathway, and may be a useful addition to the treatment options for diseases of the femoral head.
Introduction
Femoral head disease (FH) is one of the refractory diseases in the field of orthopedics, which may be clinically divided into invasive and non-invasive categories; the former is primarily due to skeletal trauma, including femoral neck fracture or hip dislocation, and the latter is principally caused by the application of corticosteroids and long-term heavy alcohol consumption (1, 2) . Steroid-induced FH is the most common type of non-invasive FH, accounting for 50% of mortalities (3) . Hormones are widely-used in the anti-inflammatory treatment of severe acute infections. Hormone treatment may prevent certain sequelae of inflammation, autoimmune diseases, including severe rheumatic fever, rheumatic myocarditis, rheumatic and rheumatoid arthritis, systemic lupus erythematosus, autoimmune anemia and nephrotic syndrome, organ transplant rejection, and allergic diseases, including urticaria, angioedema, bronchial asthma and anaphylactic shock; therefore, high-dose or long-term use of hormones may lead to FH (2, 3) . It is of particular importance that effective marrow protection treatment methods be identified, and early diagnosis and intervention holds the greatest promise for the treatment of steroid-induced FH.
FH is one of the most serious complications of glucocorticoid therapy, and, in recent years, research has focused on the etiology, pathology and pathogenesis of the disease, particularly the theories of fat metabolism, intravascular coagulation, bone high pressure and osteoporosis, to provide novel approaches towards pharmaceutical prevention and early intervention for steroid-induced FH (4) . However, precise mechanisms underlying steroid-induced FH remain unclear; although different theories have emerged from clinical and experimental research, they cannot explain all the clinical phenomena and experimental results, and it is therefore important to investigate the exact pathogenesis of steroid-induced FH, and develop sensitive early diagnostic methods, effective early treatment or preventative approaches (4) .
Peroxisome proliferator-activated receptor (PPAR)γ is a ligand-activated nuclear transcription factor, which belongs to the PPAR superfamily. The aldehyde reductase (ARY) gene, located on chromosome 3p25, may be divided into three (6) . Previous experimental results have demonstrated that ARY serves an important role in the differentiation of bone marrow stromal cells, and that PPARY3 is considered to regulate the differentiation of bone marrow stromal cells into adipocytes, and is the necessary differentiation-specific transcription factor for the generation of fat cells (7) . PPARγ serves a positive role in the regulation of the differentiation of bone marrow stromal cells into adipocytes, and an increased expression level in bone marrow stromal cells may promote the formation of adipocytes, subsequently leading to FH (8) .
The neurogenic locus notch homolog protein 1 (Notch1) signaling pathway serves an important role in the differentiation of human bone marrow mesenchymal stem cells into neuronal cells. It has been reported that the Notch1-mediated signaling pathway is the essential factor in determining the differentiation potential of bone marrow mesenchymal stem cells (9) . The weakening of Notch signaling pathway is associated with the proliferation and differentiation of bone marrow mesenchymal stem cells in osteoporosis patients following the menopause, which may be one of the causes for the decrease in postmenopausal bone mass of patients with osteoporosis (10) . Estrogen may reverse the decreased expression of important molecules in the Notch signaling pathway of bone marrow mesenchymal stem cells in postmenopausal osteoporotic patients; following treatment with estrogen, the expression of receptor Notch1 and its ligand protein jagged-1 is increased, and the expression of transcription factor HES1 is increased markedly. It is therefore indicated that an association may exist between estrogen and the Notch signaling pathway (10) . Following estrogen stimulation in human bone marrow mesenchymal stem cells during the osteogenic and adipogenic differentiation processes, it was previously observed that the expression of key molecules increases compared with a group without estrogen stimulation in the early stage of osteogenic differentiation and adipogenic differentiation (11) . Drynaria ( Fig. 1) is the dried rhizome of Drynaria fortunei (Kunze) J. Sm., which was described in 'Herbal Supplements' of the Tang Dynasty as bitter and warm, with the effects of strengthening bones and reinforcing kidney and liver function, alleviating injury and providing analgesia (12) . Drynaria is a type of Chinese herbal medicine used to promote fracture healing, and is commonly prescribed for the treatment of osteoporosis (13) . Drynaria contains sterols, triterpenes, phenolic acids and a variety of flavonoids, and a previous study demonstrated that drynaria water extract and flavonoids may effectively inhibit bone loss and prevent osteoporosis (14) . Naringin is the most abundant flavonoid in drynaria, with a range of biological activities (14) . A previous study indicated that naringin may promote proliferation and osteogenic differentiation in human bone marrow mesenchymal stem cells, which serves a role in the proliferation of osteoblasts (15) . The present study examined the role of naringin in steroid-induced avascular necrosis of the femoral head (SANFH) with the aim of elucidating the potential modulatory mechanisms.
Materials and methods
Experimental animal and instruments. The Ethics Committee of Zhejiang Provincial Hospital of TCM (Hangzhou, China) approved the present study. A total of 30 male healthy adult Japanese white rabbits (5 months old; 2.5±0.5 kg) were provided by the Animal Breeding Center of Shantou University Medical College (Shantou, China) and were kept in a temperature-(21±2˚C) and humidity-(55±10%) controlled room on a 12-h light/dark cycle. The rabbits were fed with a standard diet with free access to food and water, and housed individually in cages.
Establishment of the experimental animal model and grouping.
All the rabbits were randomly divided into 5 groups: Control group (n=6); model group (n=6); 5 mg/kg naringin group (n=6); 10 mg/kg naringin group (n=6) and 20 mg/kg naringin group (n=6). A total of three injections of methylprednisolone (MPS; 20 mg/kg body weight; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were administered intramuscularly at 24 h intervals into rabbits to establish the SANFH model. Doses of 5, 10 and 20 mg/kg naringin (Sigma-Aldrich; Merck KGaA) were administered intramuscularly into SANFH model rabbits every week for 8 weeks. In the control group, rats were administered intramuscularly with equal volume of vehicle.
Determination of biological indicator. Femoral head tissue was fixed using 5%-paraformaldehyde for 24 h at room temperature and embedded into paraffin. Then, samples were cut into 0.5 µM sections, stained with hematoxylin and eosin at 37˚C for 15 min and observed using a light microscope. Osteonecrosis was identified by the necrosis of the medullary hematopoietic cells in osteocytes. Osteonecrosis incidence rate was calculated using the amount of osteonecrosis/total amount. SANFH tissue was washed and homogenized using a radioimmunoprecipitation assay (RIPA) buffer (Beyotime Institute of Biotechnology, Haimen, China) on ice for 1 h. Following centrifugation at 12,000 x g for 10 min at 4˚C, the supernatant was collected to analyze the protein content using a bicinchoninic acid (BCA) assay. The caspase-3 activity was detected with a Caspase-3 Colorimetric Assay kit (cat. no. C1115; Beyotime Institute of Biotechnology), and osteocalcin (cat. no. H152), total cholesterol (cat. no. F002-1), the ratio of low-density lipoprotein to high-density lipoprotein (LDL/HDL ratio; cat. no. A113-1/ A112-1) and alkaline phosphatase (ALP; cat. no. A059-2) activity was detected using Colorimetric Assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Caspase-3 activity was expressed in terms of absorbance units [optical density (OD) 405 nm], and osteocalcin, total cholesterol, LDL/HDL ratio and ALP activity was expressed in terms of absorbance units (OD 450 nm) using an ELISA reader (Beckman Coulter, Inc., Brea, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA from the SANFH tissue was isolated using TRIzol ® Reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. Total RNA (500 ng) was synthesized into cDNA using an RT kit, according to the manufacturer's protocol (Fermentas; Thermo Fisher Scientific, Inc.). The 7500 Real-Time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to perform the qPCR, using Power SYBR-Green PCR Master mix (Bio-Rad Laboratories, Inc.). The PCR program involved 40 cycles of 94˚C for 15 sec, an annealing step at 60˚C for 30 sec, and 72˚C for 30 sec. Primers used were: RUNX2, 5'-AAGTGCGGTGCAAACTTTCT-3' and 5'-TCT CGG TGG CTG CTA GTG A-3', OSX, 5'-GCC AGA AGC TGT GAA ACC TC-3' and 5'-GCT GCA AGC TCT CCA TAA CC-30), and β-actin, 5'-TCC TAG CAC CAT GAA GAT C-3' and 5'AAA CGC AGC TCA GTA ACA G-3' as control. miRNA expression was quantified using the 2 -ΔΔCq method (16) .
Western blot analysis. SANFH tissue was washed and homogenized using RIPA buffer on ice for 1 h. Following centrifugation at 12,000 x g for 10 min at 4˚C, the supernatant was obtained to analyze the protein content using a BCA assay. Proteins in the lysates (50 µg) were subsequently separated via 8-12% SDS-PAGE l and electrophoretically transferred onto polyvinylidene difluoride membranes (Bio-Rad Laboratories, Inc. Statistical analysis. Quantitative data are expressed as the mean ± standard deviation of 3 independent experiments. Statistical analysis was performed using SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA). Data were analyzed using one-way analysis of variance followed by Tukey's post test. P<0.05 was considered to indicate a statistically significant difference.
Results
Protective effects of naringin on steroid-induced serum osteocalcin level and osteonecrosis incidence rate. In the SANFH model group, a significant inhibition of serum osteocalcin was observed, compared with the control group ( Fig. 2A ).
There was a significant increase in osteonecrosis incidence in the SANFH model group, compared with the control group (Fig. 2B) . Treatment with naringin increased the serum osteocalcin levels and inhibited osteonecrosis in SANFH rabbits, compared with the SANFH model group (Fig. 2) .
Protective effects of naringin on total cholesterol and LDL/HDL cholesterol ratio. The total cholesterol and LDL/HDL cholesterol ratio of the SANFH model group were increased compared with the control group (Fig. 3) . Treatment with naringin reversed this increase in total cholesterol and the LDL/HDL cholesterol ratio in SANFH rabbits, compared with the SANFH model group (Fig. 3) .
Protective effects of naringin on caspase-3 activity. Compared with the control group, there was a significant increase in caspase-3 activity in the SANFH rabbit model group (Fig. 4) . Treatment with naringin significantly suppressed caspase-3 activity in SANFH rabbits, compared with the SANFH model group (Fig. 4) .
Protective effects of naringin on runt-related transcription factor 2 (RUNX2) and transcription factor sp7 (OSX) mRNA expression. RUNX2 and OSX mRNA expression in the SANFH rabbit model group were significantly decreased compared with the control group (Fig. 5) . The decrease of RUNX2 and OSX mRNA expression in the SANFH rabbit was significantly reversed by treatment with naringin, compared with the SANFH model group (Fig. 5) .
Protective effects of naringin on ALP activity. It was observed that ALP activity was significantly decreased in the SANFH rabbit model group, compared with the control group (Fig. 6) . Treatment with naringin significantly improved ALP activity in the SANFH rabbit, compared with the SANFH model group (Fig. 6) .
Protective effects of naringin on collagen I protein expression.
In addition, it was observed that collagen I protein expression in the SANFH rabbit model was decreased compared with the control group (Fig. 7) . Naringin treatment significantly enhanced collagen I protein expression in the SANFH rabbit, compared with the SANFH model group (Fig. 7) .
Protective effects of naringin on PPARγ protein expression. As presented in Fig. 8 , PPARγ protein expression in the SANFH rabbit model was significantly suppressed, compared with the control group. Naringin significantly promoted PPARγ protein expression in the SANFH rabbit, compared with the SANFH model group (Fig. 8) . ## P<0.01 vs. model group. RUNX2, runt-related transcription factor 2; OSX, transcription factor sp7; Control, control group; Model, steroid-induced avascular necrosis of the femoral head model group; Nar, naringin; 5 Nar, 5 mg/kg naringin treatment group; 10 Nar, 10 mg/kg naringin treatment group; 20 Nar, 20 mg/kg naringin treatment group. 
Protective effects of naringin on Notch protein expression.
In the present study, it was demonstrated that the protein expression of Notch protein in the SANFH rabbit model group was decreased compared with the control group (Fig. 9) . Treatment with naringin significantly induced Notch protein expression in the SANFH rabbit, compared with the SANFH model group (Fig. 9) .
Protective effects of naringin on β-catenin protein expression.
In the SANFH rabbit model group, β-catenin protein expression was significantly suppressed compared with the control group (Fig. 10) . The inhibition of β-catenin protein expression in SANFH rabbit was significantly reversed by naringin, compared with the SANFH model group (Fig. 10) .
Protective effects of naringin on p-AKT protein expression.
Compared with the control group, p-Akt protein expression in the SANFH rabbit model group was decreased (Fig. 11) . Naringin significantly enhanced the p-Akt protein expression in the SANFH rabbit, compared with the SANFH model group (Fig. 11) .
Discussion
Clinically, treatment with large doses of hormones in the long-term is frequently associated with underlying diseases, including systemic lupus erythematosus, anti-phospholipid antibody syndrome, rheumatoid arthritis, leukemia and other diseases, all of which share a common pathological process; namely, that they may result in vascular endothelial injury and blood alterations, leading to a hypercoagulable state (17) . Therefore, the pathogenesis of SANFH may be associated with large doses of hormones used to treat the original vascular disease, which eventually leads to bone necrosis (18) . A previous study demonstrated that the use of hormones alone is insufficient to induce the animal model of FH (19) . A previous study regarding animal model establishment demonstrated that a variety of drugs in combination with hormones results in the ideal animal model of SANFH (20) . The results of the present study indicated that naringin significantly protected against steroid-induced increases in serum osteocalcin levels, osteonecrosis incidence, total cholesterol and LDL/HDL ratio in SANFH rabbits.
Glucocorticoids are frequently used to treat serious infectious diseases clinically, including rheumatoid arthritis and systemic lupus erythematosus (21) . However, for patients with long-term use of corticosteroids, severe osteoporosis and FH may occur (22) . During the in vitro culture of osteoblasts, dexamethasone exhibits two-way regulation of osteoblast differentiation and mineralization, which depends on the maturation stage, the number of cells, and the drug concentration and time of treatment (23) . Therefore, glucocorticoids are an inhibitor of osteoblast differentiation and maturation in vitro (24) . An in vivo study into necrosis of the femoral head in steroid-induced FH rats demonstrated that gene and protein expression of RUNX and OSX is altered and its association with bone synthesis metabolism subsequently investigated (24) . The FH rat model was established via gluteal injection of corticosteroids and forced load exercises, and the results demonstrated that the gene expression and protein synthesis of RUNX and OSX decrease over time, indicating that, in the early stages of SANFH, the gene and protein expression of RUNX and OSX in the rat femoral head decrease, inhibiting bone formation (25) . Additionally, the results of the present study suggested that naringin significantly increased RUNX2 and OSX mRNA expression and ALP activity in the SANFH rabbit.
Studies have demonstrated that the adipogenesis of bone marrow stromal cells is additionally characterized by a marked increase in the expression of PPARγ, consistent with other lipocyte differentiation models (5, 8) . The increased expression of PPARγ directly activates or induces the gene expression profile of the majority of adipocyte phenotypes, including fatty acid synthase, glutamic acid 4, acetyl coenzyme A and shuttle enzymes (26) . However, the overexpression of PPARγ in vitro inhibits the formation of fat cells and promotes the formation of osteoblasts, leading to an increase in trabecular bone (27) . Studies have demonstrated that when PPARγ genes are selectively knocked out of fat cells, the function of fat cells is severely degraded, leading to progressive lipodystrophy, insulin resistance and other metabolic diseases (27, 28) . Fat formation is impaired in PPARγ-knockout mice. In the process of fat formation, PPARγ requires the involvement of transcription factor ligands in order to increase in expression, and these ligands include natural ligands and synthetic ligands (29) . ARY is the essential transcription factor for the differentiation of bone marrow stromal cells into adipocytes, and serves an important role (5). PPARγ is regulated by a variety of cytokines in the regulation of adipocyte formation, and these factors promote increased expression of PPARγ, in order to increase the differentiation of bone marrow fat cells and result in a decrease in the differentiation of bone marrow stromal cells to osteoblasts which eventually results in necrosis of the femoral head (25) . In the present study, naringin was observed to significantly promote PPARγ protein expression in the SANFH rabbit model. However, the mechanisms underlying the effect of estrogen treatment on postmenopausal osteoporosis, and the regulation of mesenchymal stem cell osteogenic differentiation, remain unclear (30) . The Notch signaling pathway is a highly-conserved signaling pathway involved in cell differentiation, self-renewal and apoptosis (31) . At present, research into estrogen and the Notch signaling pathway has predominantly focused on human tumors and brain development (32) . There are relatively few studies regarding the effect of estrogen on differentiation and proliferation via its impact on the Notch signaling pathway, in the differentiation of human bone marrow mesenchymal stem cells (33) . The results of the present study demonstrated that naringin significantly suppressed Notch protein expression and promoted the β-catenin and p-Akt protein expression in the SANFH rabbit.
In the present study, it was demonstrated that naringin notably protected against steroid-induced decreased serum osteocalcin level, and increased osteonecrosis incidence, total cholesterol and LDL/HDL in the SANFH rabbit. It was additionally demonstrated that naringin significantly inhibited caspase-3 activity, increased RUNX2 and OSX mRNA expression, promoted ALP activity and upregulated collagen I protein expression in the SANFH rabbit, through regulation of PPARγ, Notch, β-catenin and p-AKT protein expression. The results of the present study suggested that naringin may be potentially applied in the clinic to achieve effective treatment of FH.
